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The exclusive photoproduction of the heavy vector mesons J=Ψ is investigated in the context of
peripheral lead-lead collisions for the energies available at the LHC,
ffiffi
s
p ¼ 2.76 TeV and ffiffisp ¼ 5.02 TeV.
Using the light-cone color dipole formalism, the rapidity distribution was calculated in two centrality bins
at 50%–70% and 70%–90% in order to evaluate its robustness in extrapolating down to a smaller impact
parameter. A modified photon flux is introduced, without change in the photonuclear cross section in
relation to the ultraperipheral (UPC) case. Results were obtained for the two regions analyzed, which
presented a maximum difference of 27% in frontal rapidity for the two regions. Comparing the results forffiffi
s
p ¼ 2.76 TeV and ffiffisp ¼ 5.02 TeV, an increase was verified of approximately half the one obtained in
the ultraperipheral regime in the central rapidity region.
DOI: 10.1103/PhysRevD.96.056014
I. INTRODUCTION
For a long time, the production of charmonium has been
considered as a clean probe for the study of matter formed
in high energy nuclear collisions [1]. In this limit, where the
production of charm quarks is numerous and the formation
of the Quark-Gluon Plasma (QGP) is believed to occur, two
relevant effects are present: charmonium suppression and
cc¯ recombination. The first is associated with the nuclear
medium temperature which becomes greater than the
dissociation temperature of the charmonium, causing its
destruction [2]. The second, also called regeneration, is
characterized by the recombination process of initially
uncorrelated charm quarks c and c¯ into a charmonium
[3]. The consideration of these two effects is necessary for
the understanding of the charmonium production at the
Relativistic Heavy Ion Collider (RHIC) [4,5]. On the other
hand, in the Large Hadron Collider (LHC), where the
energy reaches an order of magnitude higher than in RHIC,
the collisions with much smaller x are in the strong
shadowing region [6,7], where the so-called cold nuclear
matter effects, as shadowing [8–10], can significantly affect
the charmonium production. Thus, in order to understand
the charmonium production and extract properties of the
medium created in high energy nuclear collisions, one must
take into account both cold and hot nuclear matter effects.
The main way used to analyze all these effects is the
calculation of the nuclear modification factor RAA, which
compares the final yield of charmonium from heavy ion
collisions to that from the corresponding nucleon-nucleon
collisions. In the last years, it has increased the interest
in calculating the RAA as a function of multiplicity, trans-
verse momentum and rapidity of the J=Ψ’s [11]. The
ALICE Collaboration, by measuring this observable as a
function of transverse momentum, has pointed out an
increase in the inclusive production of the J=ψ , at small
pT (pT < 300 MeV=c), in the frontal rapidity region [12].
One of the first hypotheses is that this excess could be
originated from coherent photoproduction of the meson in
the peripheral region [12]. The photoproduction of heavy
vector mesons has already been well explored in ultra-
peripheral collisions [13–20] and can act as a complement
to allow us to obtain information about the gluon distri-
bution in the nuclear medium. However, there are few
works in the peripheral collisions regime (in particular,
b≃ 2RA), where the exclusive photoproduction mecha-
nism may still be relevant for the heavy vector mesons
production. In [21], for example, this issue is addressed
from a modification in the equivalent photon flux, without
change in the photonuclear cross section in relation to the
ultraperipheral case. Following this same idea, we tested
the formalism used in our previous work [13] by calculat-
ing the rapidity distribution for the coherent photoproduc-
tion of the J=Ψ in Pb-Pb collisions in the centrality classes:
50%–70% and 70%–90%. Based on the good results
obtained in the ultraperipheral regime, it was considered
here the light-cone color dipole formalism [22], which
consistently includes both the parton saturation effects in
photon-proton interaction as well as the nuclear shadowing
effects in photon-nucleus process. In comparison to the
UPC calculations, we changed the usual photon flux by an
effective photon flux, which includes two restrictions:
(1) Only photons that hit in the geometrical region of
the nucleus-medium are considered, and (2) the region of
nuclear overlapping is disregarded since we are interested
in the coherent photoproduction of the J=ψ , which involves
the intact part of the nucleus.
This paper is organized as follows: In the next section we
show the main expressions and models used in the rapidity
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distribution calculation. In Sec. III, we describe the
modification made when the transition from ultraperipheral
to peripheral regime occurs. In Sec. IV, the main theoretical
results are shown. In the last section we summarize the
main results and address the conclusions on the study
performed.
II. THEORETICAL FRAMEWORK
In the ultrarelativistic limit, the rapidity distribution for
the vector meson V photoproduction in ultraperipheral
collisions AA can be written as a product between an
equivalent photon flux, created from one of the nuclei, with
the interaction cross section γA → V þ A [23]
dσ
dy
ðAþ A → Aþ V þ AÞ ¼ ω dN
ð0ÞðωÞ
dω
σðγA→VþAÞ
þ ðy → −yÞ: ð1Þ
The factor dNð0ÞðωÞ=dω corresponds to the usual photon
flux integrated in the nucleus-nucleus impact parameter b,
which depends on the photon energy ω. However, in our
calculations, we need a photon flux with b dependence
which, according to [24], can be described using the
generic formula
d3Nð0Þðω;bÞ
dωd2b
¼Z
2αQED
π2ω

Z
∞
0
dk⊥k2⊥
Fðk2Þ
k2
J1ðbk⊥Þ

2
; ð2Þ
where Z is the atomic number of the nucleus, Fðk2Þ is the
nuclear form factor which represents the nuclear charge
distribution and k2 ¼ðωγÞ2þk2⊥, with γ ¼
ffiffiffiffiffiffiffiffi
sNN
p
=ð2mprotonÞ,
and k⊥ being the transverse momentum of the photon. In
the work [13], the photoproduction was considered in the
ultraperipheral case with Fðk2Þ ¼ 1 (point like), resulting
in the following photon flux integrated in b,
dNð0ÞðωÞ
dω
¼ 2Z
2αem
π

χK0ðχÞK1ðχÞ−
χ2
2
ðK21ðχÞ−K20ðχÞÞ

;
ð3Þ
where χ ¼ 2RAω=γ. Now, for the new region of interest, we
considered a more realistic dependence of the photon flux,
using the form factor obtained from the approximation
of the Woods-Saxon distribution as a hard sphere, with
radius RA, convoluted with a Yukawa potential with range
a ¼ 7 fm. The Fourier transform of this convolution is the
product of the two individual transforms [25]
FðkÞ ¼ 4πρ0
Ak3
½sin ðkRAÞ − kRA cos ðkRAÞ ×

1
1þ a2k2

;
ð4Þ
where A is the mass number of the ion and ρ0 ¼
0.1385 fm−3. For comparison, we show the dipole form
factor often used in the literature and more suited one for
small values of k [26]
Fdipðk2Þ ¼
Λ2
Λ2 þ k2 ; ð5Þ
where Λ ≈ 88 MeV for 208Pb. In Fig. 1, we analyzed the
behavior of the photon flux with b dependence for the three
form factors presented. It is clear that in the large impact
parameter, b≳ 10 fm, occurs a similar behavior of the
photon flux, independent of the form factor used. In
contrast, for b≲ 6–7 fm, the results found by the three
models are very different. To understand how these differ-
ent form factors can affect the two regions of interest
(50%–70% and 70%–90%), the geometrical relation
c ¼ b2=4R2A suggested by [27] was used, which gives an
approximate relation between the centrality c and the
impact parameter b. Applying to our case, the centrality
classes 50%–70% and 70%–90% correspond to b≃
10–11.8 fm and b≃ 11.8–13.5 fm, respectively. Thus,
comparing with Fig. 1, we can see that our results will
not be considerably sensitive to the use of these different
form factors.
The second component in the equation (1), σðγA→VþAÞ,
represents the coherent photonuclear cross section and
characterizes the photon-nuclei interaction. In the case
which the t-dependence can be factorized, this cross section
is defined by
σðγA→VAÞ ¼
jImAðx;t¼ 0Þj2
16π
ð1þβ2ÞR2g
Z
∞
tmin
jFðtÞj2dt; ð6Þ
where jImAðx; t ¼ 0Þj represents the imaginary part of
the interaction amplitude for the γA → V þ A process. The
FIG. 1. The b-dependence photon flux distribution for the
different form factors of the lead nuclei.
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parameter β ¼ ReA=ImA is necessary to restore the real
contribution of the amplitude and usually is defined as [28]
β¼ tan

πλeff
2

; where λeff ¼
∂ ln ½ImAðx;t¼ 0Þ
∂ lns : ð7Þ
The second parameter, R2gðλeffÞ, is important for heavy
mesons as J=ψ , and corresponds to the ratio of off-forward
to forward gluon distribution (skewedness effect), being
defined by [29]
R2gðλeffÞ ¼
22λeffþ3ffiffiffi
π
p Γðλeff þ
5
2
Þ
Γðλeff þ 4Þ
: ð8Þ
Finally, FðtÞ is the nuclear form factor integrated
from tmin ¼ ðM2V=4ωÞ2.
Based on good results obtained in last works [13–16], we
described the amplitude ImAðx; t ¼ 0Þ in the colour dipole
formalim, where the photon-nuclei scattering can be seen
as a sequence of the following subprocesses: (i) the photon
fluctuation into quark-antiquark pair (the dipole), (ii) the
dipole-target interaction and (iii) the recombination of the
qq¯ into a vector meson. In this scenario, the amplitude of
the process is factorized in the product
ImAðx; t ¼ 0Þ ¼
Z
d2r
Z
dz
4π
ðΨVΨγÞTσnucleusdip ðx; rÞ; ð9Þ
where the variables z and r are the longitudinal momentum
fraction carried by the quark and the transverse color dipole
size, respectively.
The transverse overlap of the photon-meson wave
function, ðΨVΨγÞT , can be written as [28]
ðΨVΨγÞT ¼ eˆfe
Nc
πzð1 − zÞ fm
2
fK0ðϵrÞϕTðr; zÞ
− ½z2 þ ð1 − zÞ2ϵK1ðϵrÞ∂rϕTðr; zÞg; ð10Þ
where the phenomenological term ϕTðr; zÞ represents the
scalar part of the meson wave-function. Here, the Boosted-
Gaussian model [30] was used since it can be applied in a
systematic way for the excited states. The parameters R2nS
and N nS presented in the model can be found in [31,32].
The next term in the Eq. (9) is the cross section
σnucleusdip ðx; rÞ, calculated via Glauber model [33],
σnucleusdip ðx; rÞ
¼ 2
Z
d2b ×

1 − exp

−
1
2
TAðbÞσprotondip ðx; rÞ
	
;
ð11Þ
where the nuclear profile function, TAðbÞ, will be obtained
from a 3-parameter Fermi distribution for the nuclear
density [34]. The dipole cross section, σprotondip ðx; rÞ, is
related to the dipole-proton scattering amplitude in the
form σqq¯ðx; rÞ ¼ 2
R
d2bAqq¯ðx; r; bÞ, bearing in mind that
b and Δ are Fourier conjugate variables. There are different
models for the amplitude Aqq¯ðx; r; bÞ, and here, the model
GBW [35] was considered since in previous works (ex.
[13]) we did not see great variation between models like
GBW, IIM [36] and IIM with b dependence [28], for the
rapidity distribution.
III. THE EFFECTIVE PHOTON FLUX
Following Ref. [21], the effective photon flux can be
constructed from the usual photon flux as
Nð2Þðω1; bÞ ¼
Z
Nðω1; b1Þ
θðRA − b2Þ × θðb1 − RAÞ
AeffðbÞ
d2b1;
ð12Þ
where we modify the original equation by applying
the effective area, AeffðbÞ, in contrast to the fixed value
πR2A present in [21]. The function θðRA − b2Þ ensures
that the effective photon flux will only be formed by
photons that reach the geometrical region of the target-
nuclei, while the function θðb1 − RAÞ disregards the
overlap region where the nuclear effects are present.
To eliminate the step functions, the variables substitu-
tion b1 → b2 and θ → α was performed, represented
in Fig. 2.
In terms of the new variable, the Eq. (12) can be
rewritten as
FIG. 2. Left: change of variables b1 → b2 and θ → α. Right: sketch of the overlap region existing in the peripheral collisions.
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Nð2Þðω1; bÞ ¼
1
AeffðbÞ
Z
2π
0
Z
RA
0
Nðω1; b1Þb2db2dα
− 2
Z ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2A−b
2=4
p
0
db1y
×
Z ffiffiffiffiffiffiffiffiffi
R2A−y
2
p
−
ffiffiffiffiffiffiffiffiffi
R2A−y
2
p
þb
db1xNðω1; b1Þ

; ð13Þ
where AeffðbÞ¼R2A½π−2arccosð b2RAÞþ b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2A−b2
p
is the
considered effective area, b1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b22 þ b2 − 2b2b cosðαÞ
p
in the first term and b1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b21x þ b21y
q
in the second term.
In (13), the first term acts only on the geometrical region of
the target-nuclei, while the second term disregards the
overlap region of the nucleus.
Using the Eq. (13), Fig. 3 was obtained, where we
compare the effective photon flux with the usual one for the
photon energy ω ¼ 10 GeV, which corresponds to a meson
rapidity y ¼ ln ð2ω=mVÞ≃ 1.85. In the first region (50%–
70%), the usual photon flux is slightly larger than the
effective photon flux. The opposite occurs in the second
region (70%–90%), where the overlap term is small,
tending to unity as we move towards the ultraperipheral
region. Thus, one should not expect a large variation in the
transition from the usual photon flux to the effective photon
flux in the analyzed region 50%–90%.
IV. RESULTS AND DISCUSSIONS
In this section, we present the results of the rapidity
distribution for the photoproduction in Pb-Pb collisions of
J=Ψ states in the centrality regions 50%–70% and 70%–
90%, at the energy
ffiffi
s
p ¼ 2.76 TeV and ffiffisp ¼ 5.02 TeV.
In our calculations, the form factor (4) was applied, which
is more appropriate for the heavy nucleus, although, as
pointed out in Sec. II, a considerable change is not
expected. Firstly, in Fig. 4, the results for J=Ψ at
ffiffi
s
p ¼
2.76 TeV are presented for the two analyzed regions using
the GBW dipole model. The results between the different
centrality classes are similar in behavior, with maximum
difference varying from 15% in y ¼ 0 to 27% in rapidity
jyj ≈ 3.5. The difference in the results allows future
comparison with data, once provided, clarifing if the
formalism employed can be extrapolated to those inter-
action regions.
In our second pair of results presented in Fig. 5, the J=Ψ
production was calculated at energy
ffiffi
s
p ¼ 5.02 TeV. As in
the previous case, the difference in the results between the
two centrality classes varies from 15% in y ¼ 0 to 26% in
rapidity jyj ≈ 4.
We also calculated the ratio dσ
5.02
dy =
dσ2.76
dy and obtained an
increase of approximately 30% in the central rapidity
region jyj < 1.5 for the two centrality classes analyzed.
This same ratio is approximately 60% for the same rapidity
region in UPC. Thus, the effective photon flux appears to
be less sensitive to the variation of energy in relation to
usual photon flux. On the other hand, in the model adopted
here for the transition from the ultraperipheral to the
peripheral regime, no modification was made in the photo-
nuclear cross section since the variation in the nucleus-
FIG. 3. Comparison between the usual photon flux (dashed
line) and the effective photon flux (solid line) for the photon
energy ω ¼ 10 GeV.
FIG. 4. Rapidity distribution for J=Ψ photoproduction at
ffiffi
s
p ¼
2.76 TeV using the GBW dipole model.
FIG. 5. Rapidity distribution for J=Ψ photoproduction at
ffiffi
s
p ¼
5.02 TeV using the GBW dipole model.
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nucleus impact parameter affects mainly the photon flux.
The photonuclear cross section is calculated using the
Glauber model which, in turn, is related to the number of
nucleons that interact with the photon; then a certain
modification could be expected in the peripheral case
where the number of nucleons is smaller.
V. SUMMARY
We have considered the coherent photoproduction of
J=ψ state in peripheral Pb − Pb collision at LHC using the
color dipole approach as the underlying theoretical frame-
work. The rapidity distributions in the centrality classes
50%–70% and 70%–90% have been presented, allowing us
to test the robustness of the dipole formalism. In our
peripheral calculations, we consider a modified photon flux
without change of the photonuclear cross section in relation
to the ultraperipheral (UPC) case. From this approach, it
was verified that in the region analyzed the application of
the effective photon flux does not result in a considerable
change in the results in relation to the usual photon flux.
Otherwise, a more dramatic change will occur in a more
central region. However, it could deserve a more sophis-
ticated understanding of the behavior of the photonuclear
cross section in peripheral collisions, in order to carry out a
more complete and reliable analysis. The point here was to
start the study about the contribution of the photoproduc-
tion in more central collisions, which is an analysis still not
much explored in the literature. The constraints of this
calculation require the onset of new data.
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